Inappropriate Shocks and Unnecessary Shocks
Delivery of ICD therapy for rhythms other than ventricular tachycardia (VT) or ventricular fibrillation (VF) is termed inappropriate therapy. It may result from inappropriate detection of supraventricular tachycardia (SVT) such as atrial fibrillation (AF) or sinus tachycardia or from oversensing of physiological (eg, T wave) or nonphysiological (eg, lead fracture noise) signals. Inappropriate shocks have been reported in 16% to 18% of ICD recipients and constitute 30% to 50% of all shocks. [11] [12] [13] Although therapy delivered for a ventricular tachyarrhythmia is considered appropriate, a growing body of evidence has shown that programming antitachycardia pacing (ATP) or delaying shocks to permit nonsustained episodes to terminate significantly reduces the frequency of shock delivery. Koneru et al 14 have used the term unnecessary shocks to refer to inappropriate shocks delivered for rhythms other than VT/VF and to include shocks delivered for VT that would have responded to ATP or terminated spontaneously if given time. Optimal programming minimizes unnecessary shocks.
ICD Shock-Reduction Strategies: Overview
A comprehensive approach to shock reduction includes appropriate patient selection, management of heart failure, ICD programming, and in some cases, use of antiarrhythmic drugs and catheter ablation to prevent VT/VF occurrence. Here, we focus on optimal ICD programming.
The detection and treatment of ventricular tachyarrhythmias by an ICD involves a series of sequential steps, each of which provides an opportunity to minimize unnecessary shocks (Figure 1) . A sense amplifier processes local intracardiac electrograms or subcutaneous electrograms to create a series of discrete cardiac events. The time interval between events defines the heart rate. Errors in event detection (oversensing or undersensing) may lead to errors in rate calculation and absent or inappropriate therapy. Once a rate threshold has been crossed, a tachycardia must persist for a programmed duration or number of intervals before is detected. Although there are differences in how this process is performed across manufacturers, the fundamental concept of rate and duration triggering tachycardia detection is similar across all devices and is therefore hardware independent.
After tachycardia detection, algorithms may be applied to distinguish SVT from VT. These algorithms are hardware dependent and differ markedly between single-chamber, dualchamber, and subcutaneous ICDs. Single-chamber detection enhancement algorithms use V-V timing intervals and comparison of ventricular morphology during tachycardia to baseline in single-chamber ICDs to distinguish SVT from VT. Dual-chamber ICDs also assess A-A intervals, A-V relationships, and chamber of onset for SVT-VT discrimination, whereas the subcutaneous ICD (s-ICD) processes the surface ECG equivalent from 1 of 3 possible vectors to identify the rhythm. If classified as ventricular, a tachycardia may receive ATP, which, if successful, prevents shock delivery. After therapy delivery, redetection or reconfirmation (abbreviated redetection at end of charge) determines whether tachycardia is ongoing and additional therapy is needed. Each of these steps affords an opportunity to optimize programming and is discussed in further detail.
intervals must be shorter than the rate cutoff; this strategy permits some of the highly amplitude-variable VF electrograms to drop out without hampering detection. Detection duration is shorter in the VF zone because of potential hemodynamic instability with delay to therapy.
Recognition of population-based arrhythmia characteristics informs optimal programming. In contrast to patients with a secondary prevention indication, recipients of an ICD for primary prevention with predominantly ischemic or dilated cardiomyopathy have a shorter VT cycle length (303±54 versus 366±71 ms) and a longer inappropriately detected supraventricular arrhythmia cycle length (363±70 versus 323±75 ms; Figure 2A ). 15 The observation that primary prevention patients experience faster VTs with rates less likely to overlap SVT than secondary prevention patients permits the programming of faster VT rate cutoffs, which minimizes the number of The detection and treatment of ventricular arrhythmia by an ICD involves a sequence of events that provide opportunities to prevent unnecessary shocks using appropriate programming. SVT indicates supraventricular tachycardia; and VT, ventricular tachycardia.
Figure 2.
Programming of therapy zones based on arrhythmia characteristics in patients in whom an implantable cardioverter-defibrillator (ICD) was implanted for primary and secondary prevention. A, Rates of ventricular and supraventricular arrhythmias detected in patients in whom an ICD was implanted for primary and secondary prevention. Reproduced from Wilkoff et al 15 with permission of the publisher. Copyright © 2004, Wiley. B, Programming of therapy zones in primary and secondary prevention patients. Device programming in patients with an ICD is guided by indication-based arrhythmia characteristics. Patients with a primary prevention indication have faster ventricular tachycardia (VT) and benefit from programming high-rate zones only. Secondary prevention patients have slower VT and greater overlap between VT and supraventricular tachycardia (SVT); hence, they may require programming of slower detection zones and benefit more from SVT-VT discrimination algorithms. 15 tachycardias that the ICD must adjudicate and consequently minimizes unnecessary shocks in primary prevention patients ( Figure 2B ). 15, 16 A number of studies have investigated this strategy in combination with prolonged detection time in primary prevention patients.
The PREPARE (Primary Prevention Parameters Evaluation) study was a cohort controlled study that analyzed 700 recipients of biventricular and nonbiventricular ICDs with a primary prevention indication. 9 In the active cohort, detection rates were set to 182 bpm, with the duration set for 30 of 40 intervals (≈9 seconds). Compared with a historical control with slower rate cutoffs and faster detection, PREPARE study patients were less likely to receive a shock (9% versus 17%, P<0.01), with no difference in the rate of arrhythmic syncope between groups. The RELEVANT study (Role of Long Detection Window Programming in Patients With Left Ventricular Dysfunction, Non-ischemic Etiology in Primary Prevention Treated With a Biventricular ICD) randomized nonischemic cardiomyopathy patients with a primary prevention ICD indication to short (12/16 interval) or long (30/40 interval) detection. Ninety percent of VT and SVT terminated within 30 beats in the long-detection group, which resulted in a significant reduction in number of shocks (relative risk 0.36) without an increase in syncope or death. 17 The MADIT-RIT study (Multicenter Automatic Defibrillator Implantation Trial to Reduce Inappropriate Therapy) prospectively randomized 1500 primary prevention ICD recipients to confirm the safety and efficacy of high-rate and prolonged duration to detection programming. 4 Patients were randomized to 1 of 3 groups: (1) High-rate therapy (detection at ≥200 bpm with a 2.5-second delay to therapy), (2) delayed therapy (60-second delay at 170-199 bpm, 12-second delay at 200-249 bpm, and 2.5-second delay at ≥250 bpm), and (3) conventional therapy (2.5-second delay at 170-199 bpm and 1-second delay at ≥200 bpm). The highrate and delayed-therapy groups had a lower risk of inappropriate therapy for SVT (shock and ATP, hazard ratio 0.21 and 0.24, respectively) and death (hazard ratio 0.45 and 0.56, respectively) with a similar incidence of syncope compared with conventional programming. These data indicate that programming primary prevention ICDs with a detection zone ≥200 bpm or with delayed therapy at >170 bpm is a preferred strategy. Furthermore, mortality was lower in the high-rate therapy group than with conventional therapy, which raises the possibility that the reduction in appropriate and inappropriate shocks in the trial could have led to better survival. The remarkable reduction in shocks and improved survival in this trial suggest that an increased detection rate or prolonged duration is the most robust programming tool for prevention of unnecessary ICD therapy in primary prevention patients. Similar studies in secondary prevention are lacking. In the only currently available s-ICD, rate is programmable but not duration. The 25% to 75% time from detection to shock is 13 to 16 seconds, 14 so that the use of a detection rate of 200 bpm results in a therapy delay slightly longer than that in the delayed-therapy arm of MADIT-RIT. Recommended programming parameters for the primary prevention indication at our institution are presented in the Table. 
SVT-VT Discrimination
Rapidly conducted AF and other SVTs that exceed rate and duration thresholds account for 80% of inappropriate shocks. 11 SVT-VT discriminators are ICD algorithms used to withhold inappropriate therapy. The algorithms are hardware dependent, differing between single-chamber ICDs, dual-chamber ICDs, and s-ICDs. Because patients with secondary prevention indications for ICDs and those receiving antiarrhythmic drugs are more likely to experience overlap between SVT and VT rates (Figure 2A ), these patients are most likely to benefit from SVT-VT discrimination algorithms. 15, 16, 18 
Single-Chamber Algorithms
Single-chamber ICDs use interval-and morphology-based ventricular electrogram information to distinguish SVT from VT. The individual algorithms are discussed below.
Onset
The sudden-onset algorithm distinguishes the abrupt change in RR intervals with the initiation of VT from the gradually shortening intervals during sinus tachycardia. 19, 20 Because sinus tachycardia is detected at the lower boundary of VT detection, the algorithm is applied in slower VT zones. The development of VT during sinus tachycardia or in the presence of ectopy immediately preceding VT onset may lead to misclassification of VT as SVT; AF that begins abruptly will be misclassified as VT. Additionally, in contrast to other single-chamber SVT-VT discriminators that continuously reassess the rhythm, the onset algorithm makes its determination only once, so that initial errors cannot be corrected. Thus, onset is best used in conjunction with other algorithms for SVT discrimination to improve accuracy.
Stability
Variability in beat-to-beat RR intervals is used to differentiate AF (variable, unstable intervals) from VT (regular/stable intervals). Stability is applied during ongoing arrhythmia, so that a VT that begins with interval variability and stabilizes will be classified correctly. Stability misclassification arises from (1) rapidly conducted AF (approximately >175 bpm), during which the variability of RR intervals is diminished; (2) regular SVTs such as atrial flutter; and (3) irregular VT (as may occur in the presence of class 1C antiarrhythmic drugs) and polymorphic VT. [21] [22] [23] As with onset, the stability algorithm is also best applied in conjunction with other algorithms. 19, 20, 24 
Morphology
The morphology criterion is the only non-interval-based single-chamber SVT-VT discriminator. Morphology algorithms compare electrograms during tachycardia with a template acquired during normally conducted rhythm. A tachycardia morphology that differs from the stored template by a programmable threshold is classified as VT. The approach for aligning and comparing a tachycardia electrogram with a baseline template varies by manufacturer, but all have similar efficacy and failure modes. Misclassification occurs with (1) SVT with rate-related aberrancy, (2) errors in electrogram alignment, (3) electrogram truncation (ie, signal clipping caused by improper amplifier setting), (4) electrogram distortion caused by myopotentials, (5) changes in morphology over time caused by lead maturation or bundle-branch block, and (6) electrogram distortion in the minutes immediately after shock delivery. 25 A number of programming steps can minimize the risk of misclassification. In patients with raterelated aberrancy, a template can be acquired during atrial pacing at a rapid rate (eg, 120 bpm) and template updates disabled. Alignment and truncation errors may be prevented with appropriate electrogram source selection and gain adjustment ( Figure 4 ). Template autoupdate features correct for lead maturation and electrogram evolution over time. Morphology discrimination is not applied during redetection after shocks to prevent misclassification; however, SVT that develops shortly after a completed, shocked episode may be misclassified. In general, the morphology algorithm provides greater sensitivity and specificity than the onset and stability algorithms, with reported sensitivity for detection of VT on the order of 92% to 99% and specificities of 90% to 97% (Figure 3 ). [26] [27] [28] [29] Algorithms that are applied continuously during tachycardia, such as morphology and stability, are preferred over the onset algorithm, which can be applied only once. SVT-VT discriminators are more specific and more liberally applied in slower (VT) zones, in which a short delay in detection is generally well tolerated. The interval-based algorithms (onset and stability) are unreliable at higher rates (>180-200 bpm); morphology is the only SVT-VT discriminator reliably applied at rates >200 bpm. Frequently, the individual single-chamber algorithms are applied jointly with Boolean logic (AND/ OR). The logic with which they are combined significantly affects overall performance. Manufacturer-specific recommended programming in single-chamber ICDs is presented in Figure 3 .
Dual-Chamber SVT-VT Discriminators
Dual-chamber algorithms vary significantly between manufacturers, but all use information collected simultaneously from the atria and ventricles to improve specificity. They add atrial rate information to standard ventricular rateonly algorithms, compare the relative timing of atrial and ventricular events during arrhythmia, or mix interval and morphology algorithms, incorporating atrial information. For example, stability is applied only after the atria are confirmed to be in AF (Boston Scientific) or only when the atrial rate is faster than the ventricular rate (St Jude Medical). A ventricular rate greater than the atrial rate (V>A) is a highly specific marker of VT. Because the ventricular rate is faster than the atrial rate in 80% to 90% of VTs detected in the VT zone, the application of V>A as the initial step in some algorithms eliminates the need for single-chamber discriminators in these patients, which reduces the potential for misclassification. 25, 30 Some manufacturers also use measures of atrioventricular (AV) association to distinguish regular SVT from VT. When AV association is operational, stable tachycardias with a constant AV interval will not be detected as VT despite their cycle-length regularity. Proper atrial and ventricular sensing is essential for correct diagnosis. Thus, it is important to prevent both far-field R-wave (FFRW) oversensing and the undersensing of small fibrillation waves on the atrial channel. A brief description of dual-chamber algorithms and programming recommendations is presented in Figure 5 .
Atrial sensing is the Achilles' heel of dual-chamber algorithms. Atrial undersensing may be caused by low-amplitude electrograms (particularly during AF) or lead dislodgement, or it may be functional, resulting from the atrial blanking that occurs during and immediately after ventricular sensed or paced events. Atrial undersensing can lead to misclassification of SVT as VT. Oversensing is most commonly caused by large FFRWs (Figure 6 ), which may lead to misclassification of VT as SVT and inappropriately withheld therapy. During implantation, ensuring an adequate sensed P-wave amplitude and absence of sensed FFRW (with an atrial to FFRW electrogram ratio of at least 4:1) minimizes sensing errors. Atrial leads with small interelectrode distance (1.3 mm) reduce the risk of sensing far-field signals because of their smaller antenna effect. 31, 32 Experimental data suggest totally intramyocardial electrodes (with both cathode and anode embedded within the myocardium) may increase tissue-sensing . Bottom and Right, The gain of the far-field electrogram was too high for the signal, which led to clipping or truncation of the peak. Because the Medtronic implantable cardioverter-defibrillator used the peak to align the electrogram, this led to misclassification by 2 mechanisms (electrogram distortion and misalignment). This can be prevented by programming the amplitude scale such that the sensed electrogram occupies 25% to 75% of the dynamic sensing range. Reproduced by permission of Mayo Foundation for Medical Education and Reseatch. All rights reserved. 25a by guest on April 15, 2017 http://circ.ahajournals.org/ Downloaded from specificity and eliminate FFRW oversensing. 33, 34 When present, FFRW oversensing can be addressed by decreasing atrial sensitivity and extending the postventricular atrial blanking period; however, this increases the risk of undersensing AF and rhythm misclassification. All manufacturers use dynamic sensing or algorithmic signal processing to minimize the risk of atrial undersensing or oversensing. Algorithm performance can be enhanced by screening for FFRW oversensing at routine follow-up and adjusting atrial dynamic sensing to eliminate it when present. Figure 5 . Dual-chamber supraventricular tachycardia-ventricular tachycardia discrimination algorithms. A, Medtronic PR Logic uses the AA and VV intervals, patterns of AV and VA intervals, and VV regularity and does not have an atrial blanking period after a sensed ventricular event. It has 3 distinct features that are individually programmable: Atrial fibrillation (AF)/atrial flutter (AFl), sinus tachycardia (Sinus T), and Other 1:1 supraventricular tachycardia (SVT). If the logic determines that there are ventricular and atrial tachyarrhythmias with dissociation, it is classified as ventricular tachycardia (VT), and therapy is delivered. The device applies Wavelet morphology if the sensed event is classified as VT by PR Logic. We recommend programming all features except for Other 1:1 SVT at the time of implantation. The Other 1:1 SVT feature can be turned on after atrial lead maturation to prevent misclassification of VT in the event of atrial lead dislodgement into the ventricle. We program off the onset and stability algorithms in dual-chamber devices. *Regularity of VV intervals in PR logic is applied only in the VT zone. B, The St Jude Medical implantable cardioverter-defibrillator uses the rate branch algorithm to classify the tachycardia into 3 groups based on the V and A rates: (1) If V>A, VT is detected; (2) if V=A, other discriminators, including morphology and arrhythmia onset, are applied; (3) if V<A, discriminators to identify AF, including stability plus AV association and morphology, are applied. Each discriminator is individually programmable. The results of each discriminator are then applied by use of ALL or ANY logic: (1) If the ALL logic is programmed, VT is detected only if all the programmed discriminators are classified as VT; if not, SVT is detected.
(2) If the ANY logic is programmed, VT is detected even if 1 of the discriminators classifies as VT. We recommend the following programming: (1) rate branch on, (2) morphology on in V=A branch with sudden onset programmed to passive mode and (3) stability and morphology on in V<A branch using ALL logic. †Arrhythmia onset incorporates sudden onset and the chamber of onset of the arrhythmia to distinguish SVT from VT. C, The Boston Scientific Rhythm ID algorithm applies the following discriminators in sequence: (1) V>A rate, (2) morphology criteria (vector timing and correlation [VTC]), and (3) AF detection using a combination of atrial rate (A-rate) over the threshold and ventricular rate (V-rate) instability. Undersensing in the atrium can lead to misclassification of SVT as VT. During redetection, the morphology criterion is not used. Rhythm ID can be programmed on or off without any other programmable features. We recommend programming the feature on at implantation.
Single-Versus Dual-Chamber ICD Selection
In patients not in permanent AF who do not have a requirement for dual-chamber pacing to treat bradycardia or to provide resynchronization, the choice between a single-or dual-chamber ICD remains controversial. Intuitively, dualchamber algorithms, which use atrial and ventricular intracardiac information for rhythm classification, should be superior to single-chamber, ventricular-only detection enhancements. However, early nonrandomized and small randomized studies failed to show any benefit of dual-chamber over singlechamber diagnosis. [35] [36] [37] Some studies used first-generation algorithms, which have since been refined; however, the single most common failure mode for dual-chamber algorithms has been atrial sensing malfunction. 38 Subsequent prospective studies have demonstrated some advantage of dual-chamber over single-chamber discrimination, although the clinical benefit has been absent or modest. In the DETECT SVT trial, Friedman et al 38 randomized 400 dual-chamber ICD recipients to dual-or single-chamber detection. Dual-chamber discrimination reduced the odds of inappropriate detection by 53% (P=0.03). This in turn led to a reduction in the rate of inappropriate therapy (ATP or shock) from 33% to 25%; however, because therapy was not controlled and patients in the single-chamber study arm ended up being more likely to have ATP programmed on, there was no difference in the rate of inappropriate shock. The DATAS trial (Dual Chamber and Atrial Tachyarrhythmias Adverse Events Study) 18 randomized 354 patients to dual-chamber, single-chamber, or simulated single-chamber (dual chamber programmed as single chamber) ICDs and found a modest reduction in the number of patients with >1 inappropriate shock using dual-chamber discrimination (3% versus 12%) and a statistically significant reduction of a composite end point of clinically significant adverse events. Of note, 89% of patients in DATAS had a secondary prevention indication, which suggests greater overlap in rate between SVT and VT and thus a greater reliance on SVT-VT discriminators for adjudication of therapy delivery. In a meta-analysis, Theuns et al 39 observed that dual-chamber ICDs reduced the number of inappropriately treated episodes per patient but not the number of patients who received an inappropriate therapy. In contrast to the DATAS study, which enrolled predominantly secondary prevention patients, the recently concluded RAPTURE trial (Reduction and Prevention of Tachyarrhythmias and Shocks Using Reduced Ventricular Pacing With Atrial Algorithms) randomized 100 primary prevention patients to single-or dual-chamber ICDs and used a high rate cutoff (>182 bpm) and a delayed time to therapy (≈17 seconds). 40 Inappropriate shocks were rare in both study arms (2% at 1 year), with no difference between groups. The cost of implantation was $2330 higher in the dual-chamber arm, with no difference in quality of life between groups.
Although controversy remains, taken in aggregate, the data indicate that modern dual-chamber discrimination is superior to single-chamber discrimination when overlap exists in the VT and SVT heart rates ( Figure 2B ). This favors dual-chamber ICDs for secondary prevention patients and for patients with slow VT. In primary prevention patients, in whom there is little overlap between SVT and VT heart rates, the benefit of using high rate cutoffs and prolonged detection appears to overwhelm any modest additional contribution of dual-chamber SVT-VT discrimination.
Detection Zones and SVT-VT Discriminator Programming
SVT-VT discriminators are linked to the programmed therapy zones. In Boston Scientific ICDs, SVT-VT discriminators are applied in the 2 VT zones but not in the VF zone. In St Jude Medical ICDs, the discriminators can be programmed independently in the 2 VT zones but not in the VF zone. Medtronic ICDs use an SVT limit that is programmed independent of therapy zones, with discriminators applied to all tachycardias with cycle lengths longer than the SVT limit; however, the discriminators function differentially in the VT and VF zones. In the VF zone, the stability counters in PR Logic are not applied (because VF is irregular), in contrast to the Wavelet morphology algorithm. The boundary between zones is selected on the basis of the heart rate at which different ATP cycle lengths or a different number of ATP trials are preferred.
ICD discriminator timeout can override inhibition of therapy for an SVT if the tachycardia persists longer than a programmed time period; however, this can lead to inappropriate shocks for sustained SVTs. When timeouts were programmed off in the PREPARE study, it was not associated with inappropriate inhibition of therapy, and we recommend programming this feature off. 9
Rhythm Discrimination in the s-ICD
s-ICDs use 3 sensing vectors obtained from 3 subcutaneous electrodes to record electrograms that closely resemble surface ECGs. Cameron Health's s-ICD allows programming of 2 rate zones: A shock zone and a conditional shock zone. Rate alone is used to determine therapy in the shock zone. Morphology discriminators are applied in the conditional shock zone. When a tachycardia is detected in the conditional shock zone, a series of discriminators are applied. First, the waveform is correlated to the stored template obtained in normal rhythm. If the degree of correlation is high (>50%), SVT is detected. If the correlation is low, a beat-to-beat comparison of the tachycardia morphology is performed to identify polymorphic VT. If this detects a monomorphic tachycardia, the algorithm proceeds to compare QRS width between the tachycardia and stored template. If the tachycardia QRS width is wide, VT is detected. The conditional shock zone and shock zone are nominally programmed at 170 and 200 bpm, respectively. We recommend programming the conditional shock zone at 200 bpm and the shock zone at 220 to 230 bpm in primary prevention devices based on studies that used transvenous ICD and s-ICD trial data.
The START (Subcutaneous Versus Transvenous Arrhythmia Recognition Testing) study compared the performance of SVT-VT discriminators in transvenous ICDs with that of s-ICDs using cutaneous electrograms obtained during induced arrhythmias in supine sedated patients. 41 The accuracy of detection of VT/VF was excellent for both devices (100% versus >99%). The s-ICD, however, was more specific in accurately classifying SVTs (98% versus 68%, P=0.001). The superiority of the s-ICD, which uses morphology only in correctly identifying SVTs, compared with transvenous ICDs, which first use interval criteria before applying morphology, could be the result of the greater sensitivity and specificity of morphology discriminators. Furthermore, the s-ICD uses a farfield electrogram that resembles a surface QRS and compares up to 41 points on the electrogram to achieve greater resolution. Importantly, the study was not a real-world comparison, because recorded electrograms were run through devices for the analysis; therefore, additional data are required.
Antitachycardia Pacing
ATP is rapid pacing at a cycle length shorter than VT that terminates reentrant VT by penetrating the circuit and depolarizing the excitable gap to block reentry. ATP can reduce painful shocks, improve quality of life, and lengthen pulse generator life. ATP has been used traditionally to terminate slow VT (<188-200 bpm) with a success rate of 85% to 90% and a 1% to 5% risk of acceleration. 42 Analysis of stored ICD electrograms reveals that the majority of fast ventricular arrhythmias (>180-200 bpm) detected in primary prevention patients are monomorphic VT, which extends the potential application of ATP. The PainFREE Rx II trial (Pacing Fast Ventricular Tachycardia Reduces Shock Therapies) randomized patients to ATP followed by shock or shock alone for the treatment of fast VT (188-250 bpm). 43 In the ATP arm, a single 8-pulse burst of ATP was programmed, followed by shocks for ongoing arrhythmia. ATP was successful in terminating fast VT in 72% of episodes and resulted in a significant reduction in shocks (28% versus 64%). The rate of acceleration of VT, syncope, or mortality was unaffected by ATP use. Quality of life, on the other hand, was significantly better in the ATP arm. The PREPARE study, in addition to programming prolonged detection duration (30 of 40 intervals) and a higher-rate detection threshold (182 bpm) with systematic SVT-VT discrimination (SVT limit 200 bpm), applied ATP for fast VT (182-250 bpm) and used a high-output first shock. The PREPARE cohort had fewer shocks without an increase by guest on April 15, 2017 http://circ.ahajournals.org/ Downloaded from in the rate of arrhythmic syncope, although the relative contribution of ATP versus other parameters used is not known. 9 Early delivery of ATP overestimates its efficacy, because up to 40% of episodes may terminate spontaneously with more time. 30 Overall, ATP terminates up to 90% of fast VT with a low risk of acceleration (1% to 5%). 44, 45 Factors that affect the efficacy of ATP include (1) tachycardia cycle length (faster VTs are less responsive), (2) rate and coupling interval of pulses, (3) number of pulses in the drive train, and (4) temporal proximity of the pacing site to the reentrant circuit. ATP can be applied as either burst (the interstimulus interval in the train remains constant) or ramp (each subsequent stimulus in a train is decremented). Burst and ramp pacing have similar efficacy and safety for slow VT; however, for fast VT, burst pacing may offer greater efficacy and smaller probability of acceleration and is generally preferred. [46] [47] [48] The rate of ATP is typically programmed at 69% to 88% of VT cycle length, with similar efficacy and safety in this range. Each drive train typically has 8 stimuli, with a rapid decline in efficacy beyond 10 stimuli. 49 The first sequence of ATP is the most effective, with 95% of responsive fast VTs terminated successfully. Only a small minority of patients are responsive to >3 or 4 ATPs. ATP is also efficacious in patients implanted with a cardiac resynchronization device. Although the efficacy and safety of right ventricular, left ventricular, and biventricular ATP are similar in most studies, 50,51 a few observational studies have reported greater success and fewer accelerations with biventricular ATP when treating slow VT. 52 The ADVANCE-CRT trial reported greater efficacy of biventricular ATP in patients with ischemic cardiomyopathy. Thus, in patients with coronary artery disease undergoing implantation of a cardiac resynchronization device, programming biventricular ATP is reasonable. 50 ATP during capacitor charging for fast VT was introduced to reduce the time to shock if ATP fails and was demonstrated to be successful in terminating 69% of episodes. 53 The shock is aborted if ATP is successful and may lead to early depletion of battery. The Charge Saver feature (Medtronic) may prevent battery depletion by providing ATP before charging, followed by reconfirmation of tachyarrhythmia before initiation of capacitor charging.
Analysis of the return cycle length after delivery of unsuccessful ATP can be used to optimize programming. If the tachycardia is reset, the paced beats are able to penetrate the circuit without causing bidirectional block. The cycle length of the drive train can be shortened or an extrastimulus added at the end of the drive train. If the VT cycle length is unaffected, increasing the number of paced beats facilitates penetrating the circuit by peeling away refractoriness. 14 Analysis of the return cycle length also provides the electrophysiologist with a measure of temporal proximity of the pacing site to the VT circuit. Analysis of the response to ATP can also help in the differential diagnosis of SVT and VT. The occurrence of transient ventriculoatrial (VA) and AV block during ATP is diagnostic of VT and SVT, respectively. The atrial and ventricular sequence at the end of unsuccessful ATP that accelerates the atrial rate can aid in the diagnosis of tachycardia with a 1:1 AV relationship: An AAV response is diagnostic of atrial tachycardia, and a VVA response is diagnostic of VT. A comprehensive analysis of the response to ATP can be found elsewhere. 54 Medtronic ICDs have a programmable SMART mode for optimization of ATP. If a particular ATP sequence is ineffective in 4 consecutive episodes, SMART mode will cancel that therapy to reduce the delay to treatment of subsequent episodes. However, if misclassification of successful ATP occurs, this feature should be disabled.
Redetection and Reconfirmation
Although first-generation ICDs delivered committed shocks regardless of arrhythmia termination before charge end, contemporary devices reconfirm the persistence of arrhythmia during and after charging. The shock is thus noncommitted, and the charge is painlessly dissipated if the arrhythmia terminates spontaneously. The reconfirmation algorithm is less specific than initial detection, and the rate varies by manufacturer and is programmable in some devices (St Jude Medical). Shocks should be programmed to be noncommitted if possible, although programmability varies by manufacturer: All shocks can be noncommitted in St Jude Medical devices, whereas Medtronic devices allow all shocks to be noncommitted if the Confirmation+ algorithm is turned on. This is in contrast to Medtronic's earlier ICDs that allowed only the first shock to be noncommitted. In Boston Scientific devices, every other shock can be noncommitted; however, the confirmation algorithm before shock is less specific and has been reported to result in shock despite successful termination of tachyarrhythmia. 53, 55 
Programming Therapy Zones
Tiered-therapy ICDs have 2 to 3 zones defined by the longest RR interval in each zone. The primary determinants of the boundaries of therapy zones are programming of specific therapies and SVT discrimination. The lower boundary between sinus and VT zone is programmed at approximately 180 to 188 bpm in primary prevention patients 9, 28 and at 30 to 60 ms greater than the cycle length of the slowest observed VT (150-160 bpm in most trials) in secondary prevention patients. 16, 45, 56 Programming in the VT zone is focused on preventing therapy for SVT and nonsustained VT. If 2 VT zones are programmed, the rate at which fewer trials or different cycle lengths of ATP therapy are desired forms the boundary between the 2 zones. We routinely program 3 zones in primary prevention patients, using the slowest VT zone for monitoring only at 160 to 166 bpm (Table) . In secondary prevention patients, the slower VT zone is programmed with 3 to 4 sequences of ramp/burst ATP compared with 1-burst ATP followed by shocks in the faster VT zone. SVT discriminators are programmed on in VT zones.
The boundary between the VT and VF zones is determined by the rate at which ATP before charge is no longer desired. SVT discriminators are either not programmable in the VF zone (Boston Scientific and St Jude Medical) or are applied with some limitations (Medtronic). Medtronic ICDs allow programming of SVT limit within the VF zone, but SVT with AV dissociation or irregular VV intervals is no longer classified as AF because of the RR variability that occurs during VF.
Shock Strength, Polarity, and Defibrillation Threshold
Implant testing assesses VF sensing and defibrillation effectiveness. Some form of defibrillation testing has been performed in all of the major trials that have informed guideline-based ICD use, 1-3 but studies to determine whether defibrillation threshold (DFT) testing improves outcomes are lacking. With advances in technology, ≈95% of patients will pass safetymargin implantation criteria, which has led some to question the need for routine testing. 57, 58 The SAFE-ICD observational study (Safety of Two Strategies of ICD Management at Implantation) revealed very low and comparable rates of ICD implantation complications and long-term sudden death in patients who did and did not undergo routine DFT testing. 59 Although the role of routine DFT testing requires further investigation, it should be strongly considered in special circumstances, such as nonstandard lead positioning, right-sided devices, amiodarone therapy, pediatric implantations, and use of an s-ICD.
The relative efficacy of incremental shock strength compared with maximum-energy shocks is unknown. If the DFT is known, the first shock in the VT zone is programmed ≥10 J above it, and subsequent shocks are set to maximal energy. The advantage of lower-energy shocks (conservation of battery life, diminished postshock stunning or block) is minimal with current biphasic technology. High-energy shocks are more likely to be successful for VT/VF and SVT (in case of inappropriate therapy) without any appreciable increase in patient discomfort or increase in charge time in contemporary devices. 60 Low-energy shocks also convey a risk of conversion of VT to VF. Hence, maximal shock strength is generally preferred.
ICD manufacturers have different nominal settings for the shock polarity. A meta-analysis by Kroll et al 61 showed that configuring the right ventricular coil as the anode resulted in slightly lower DFT in some patients and a theoretically lower propensity for induction of VF. However, in contemporary ICDs that use biphasic shocks, the shock coil polarity does not significantly alter the DFT in the majority of patients. Reverse-shock polarity, however, can be tried in patients with high DFTs. Our practice is to program 1 shock with reversed polarity in each zone, with the rest programmed per nominal settings.
Do ICD Shocks Increase Mortality?
Whether ICD shocks increase mortality is controversial. Patients who received 1 or more appropriate or inappropriate ICD shocks in the Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT) had a 5-and 2-fold increased risk of death, respectively. 12 Similar trends were observed in the MADIT II trial: The hazard ratio for mortality was 3.4 and 2.3 in patients who received appropriate and inappropriate shocks, respectively. 11, 62 However, whether shocks are an independent predictor of mortality or a marker of disease severity is unknown. Shocks delivered for direct current cardioversion for AF in the AFFIRM study (Atrial Fibrillation Follow-up Investigation of Rhythm Management), DFT testing after ICD implantation, and inappropriate shocks related to oversensing have not been associated with increased mortality, 63, 64 which suggests that poor outcomes after shocks may be related to the substrate. Shocks have also been associated with worsening heart failure, electromechanical dissociation, and electrical storm in 14% to 20% of patients. [65] [66] [67] ICD shocks are associated with poor quality of life, anxiety, and depression. 68, 69 
Optimization of Sensing to Prevent Shocks
Sensing of ventricular electrograms by ICDs has the following, often conflicting requirements: (1) Reliably sense every QRS complex during normal rhythm and small fibrillatory waves during VF; (2) do not sense T waves; and (3) ignore extracardiac and nonphysiological signals. ICDs use dynamic sensitivity or gain to achieve these sensing requirements (Figure 7) . After a sensed or paced ventricular event, sensitivity is reduced as a function of the amplitude of the R wave after the postventricular blanking period expires. Then, sensitivity is increased progressively until a subsequent event is sensed or Dynamic sensitivity settings are used to prevent T-wave oversensing. The sensitivity is adjusted each cardiac cycle based on the amplitude of the sensed ventricular electrogram. After the ventricular blanking period, the sensitivity is adjusted to a percentage of the peak electrogram amplitude, called the threshold start. The sensitivity is then held constant for a programmable period of time (decay delay), after which it is increased gradually (decay) until another sensed event occurs or the maximum sensitivity is reached. T-wave oversensing can be prevented by increasing the threshold start or decay delay (bottom).
by guest on April 15, 2017 http://circ.ahajournals.org/ Downloaded from the maximum programmed sensitivity is reached. This strategy reduces the risk of T-wave oversensing while maintaining sensitivity for the small deflections of VF. Oversensing of physiological and nonphysiological signals accounts for a small but significant proportion of inappropriate therapy. 70
Preventing T-Wave Oversensing
Low-amplitude R waves (<3 mV), large T waves, or long QT intervals (sensitivity is maximal at the end of diastole) promote T-wave oversensing, which can result in double counting and inappropriate therapy. Hypertrophic cardiomyopathy, long-QT syndrome, and Brugada syndrome may predispose toward T-wave oversensing. Decreasing ventricular sensitivity reduces the risk of T-wave oversensing but requires a sufficiently large R-to T-wave ratio and may risk VF undersensing. St Jude Medical ICDs allow programming of the decay of sensitivity by programming the starting sensitivity as a percentage of the QRS amplitude (threshold start) and the time delay before the onset of the decay (decay delay; Figure 7 ). Boston Scientific ICDs use a band-pass filter to modify the sensed signal to ignore low-frequency signals such as T waves and very high-frequency signals such as noise. The T-wave discrimination algorithm in Medtronic ICDs compares the time derivative of the electrogram (which reduces the amplitude of the low-frequency T waves) with a standard sensed electrogram to identify T-wave oversensing. This strategy does not risk VF undersensing. Additionally, in Medtronic ICDs, the sensing vector can be programmed to either true bipolar (tip to ring) or integrated bipolar (tip to distal coil), which can affect the R-and T-wave pattern.
Noise-Detection Algorithms
Algorithms for the discrimination of VT from myopotentials and nonphysiological noise such as electromagnetic interference are manufacturer specific. These algorithms are based on the fact that noise tends to have higher frequency with very short intervals that are unlikely to represent ventricular activation. The Boston Scientific Dynamic Noise Algorithm divides the sensed frequency range into 2 halves and examines the upper half for high-frequency noise. If noise is detected, the device raises the floor of the dynamic sensitivity above the level of the noise to prevent oversensing. This is most useful to prevent myopotential detection.
Surveillance of Lead Fracture
The voluntary withdrawal of the Medtronic Sprint Fidelis lead because of high rates of lead fracture and inappropriate detection of noise led to the development of the Medtronic Lead Integrity Alert algorithm for early detection of lead fracture based on sudden changes in lead impedance and noise detection. 71 The lead-integrity alert is triggered if 2 of 3 events occur: (1) Sudden increase in lead impedance; (2) ≥2 nonsustained tachycardia events (≥5 beats) with intervals <220 ms; and (3) sensing integrity counters with ≥30 short RR-interval counts <140 ms within 3 consecutive days indicative of nonphysiological signals. If criteria are met, the device sounds an audible alarm and extends detection intervals to 30/40. The lead-integrity alert algorithm has been shown to be effective in detecting most Sprint Fidelis lead fractures and reduces the incidence of inappropriate shocks related to lead fracture. 72 The algorithm is downloaded to Medtronic ICDs at the time of programming.
Both the Medtronic and St Jude SecureSense right ventricular lead noise discriminations detect noise caused by lead fracture or a loose set screw. Noise caused by lead defects is more likely to be seen on the near-field electrogram (tip-ring) than the far-field electrogram (coil-can). During a tachycardia, the presence of short intervals on the near-field but not the far-field signal indicates lead noise; short intervals on both the near-and far-field electrograms indicates a true tachycardia.
Programming Bradycardia Pacing Parameters in ICDs: Significance of Short-Long-Short Sequences
Short-long-short (S-L-S) sequences are an important cause of ICD proarrhythmia and can initiate both polymorphic and monomorphic VT. Sweeney et al 73 noted that 8% to 15% of all VT/VF episodes in ICD patients were initiated by an S-L-S sequence that was facilitated by pacing. Furthermore, pacing modes (eg, ventricular pacing avoidance modes such as Managed Ventricular Pacing [Medtronic]) and lower-rate programming (in both VVI and DDD modes) that passively permitted S-L-S sequences initiated 6% to 26% of VT/VF episodes. Programming to avoid S-L-S sequences can be difficult and should be personalized for each patient. Increasing the lower pacing rate in VVI mode does not significantly reduce the risk but can potentially lead to right ventricular apical pacing-mediated heart failure. 74 Ventricular pacing avoidance algorithms reduce the risk of the latter, and we routinely program these on except in special circumstances, such as patients with repolarization abnormalities. Capturemanagement algorithms can also lead to S-L-S sequences, and the potential proarrhythmic effects need further study. Although pause-prevention algorithms such as rate smoothing may reduce VT burden in selected patients, the randomized, controlled Ventricular Arrhythmia Suppression Trial (VAST) failed to show efficacy in the general ICD population. 75, 76 S-L-S sequences can also result from Wenckebach upper-rate behavior, which can be suppressed by programming a dynamic postventricular atrial refractory period, which shortens the postventricular atrial refractory period at higher atrial rates.
ICD Programming During Electrical Storm
Recurrent ICD shocks in the course of electrical storm (defined as ≥3 VT/VF episodes in 24 hours) is deleterious and can lead to heart failure, sympathetic overdrive, and psychological trauma, which potentiates the risk for recurrent VT.
Programming for electrical storm focuses on minimizing the number of shocks. In this situation, the duration to detection is increased to avoid therapy for self-terminating episodes. VT may reinitiate immediately after successful ATP, which may lead to misclassification of the ATP as unsuccessful. In some ICDs, the number of intervals to declare an end of episode can be decreased to allow for early classification of return to sinus rhythm. Additionally, redetection after therapy delivery nominally requires fewer intervals than initial detection and is independently programmable in some ICDs; increasing the number of intervals lowers the risk of additional treatment for an episode with delayed termination after ATP or shock.
Increasing the lower pacing rate may help suppress recurrent VT/VF. In hospitalized patients, ICD therapies are often turned off during electrical storm.
Remote Monitoring
Automated, wireless remote monitoring with clinician and patient alerts shortens the time to detection of changes in clinical status and device function and may reduce mortality risk. 70, 77, 78 It has been reviewed previously. 14
Conclusions
Proper ICD programming minimizes unnecessary ICD therapy to reduce patient morbidity and mortality. Current evidence supports the use of various strategies to reduce shocks without compromising therapy effectiveness. The extension of detection duration to prevent treatment of self-terminating tachycardia has proven to be the most useful of these strategies, followed by the application of SVT-VT discrimination and the use of ATP to terminate VT.
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